Massive numbers of nodes will be connected in future wireless networks. This brings great difficulty to collect a large amount of data. Instead of collecting the data individually, computation over multiaccess channel (CoMAC) provides an intelligent solution by computing a desired function over the air based on the signal-superposition property of wireless channel. To improve the spectrum efficiency in conventional CoMAC, we propose the use of non-orthogonal multiple access (NOMA) for functions in CoMAC. The desired functions are decomposed into several sub-functions, and multiple sub-functions are selected to be superposed over each resource block (RB). The corresponding achievable rate is derived based on sub-function superposition, which prevents a vanishing computation rate for large numbers of nodes. In order to gain more insights, we further study the limiting case when the number of nodes goes to infinity. An exact expression of the rate is derived which provides a lower bound on the computation rate. Compared with existing CoMAC, the NOMA-based CoMAC (NOMA-CoMAC) not only achieves a higher computation rate, but also provides an improved non-vanishing rate. Furthermore, arXiv:1812.05333v1 [cs.IT] 13 Dec 2018 2 the diversity order of the computation rate of NOMA-CoMAC is derived, and it shows that the system performance is dominated by the node with the worst channel gain among these sub-functions in each RB.
I. INTRODUCTION
In 5G and Internet of Things, tens of billions of devices are expected to be deployed to serve our societies [1] - [3] . With such an enormous number of nodes, the collection of data using the conventional multi-access schemes is impractical because this would result in excessive network latency with limited radio resources.
To solve the problem, a promising solution is computation over multi-access channel (Co-MAC). It exploits the signal-superposition property of wireless channel by computing the desired function through concurrent node transmissions [4] - [19] . Many networks computing a class of nomographic functions of the distributed data can employ CoMAC [4] . For example, wireless sensor networks can use the framework of CoMAC since it only aims to obtain a functional value of the sensor readings (e.g., arithmetic mean, polynomial or the number of active nodes) instead of requiring all readings from all sensors.
Analog CoMAC was first studied in [5] - [10] , where pre-processing at each node and postprocessing at the fusion center were used to fight fading and compute functions. The designs of pre-processing and post-processing used to compute linear and non-linear functions have been proposed in [6] , and the effect of channel estimation error was characterized in [7] . In order to verify the feasibility of analog CoMAC in practice, software defined radio was built in [8] .
A multi-function computation method has been presented in [9] , which utilized a multi-antenna fusion center to collect data transmitted by a cluster of multi-antenna multi-modal sensors. Also, the authors in [10] studied how to compute multiple functions over-the-air with antennas arrays at devices and the access point, where different linear combinations with arbitrary coefficients for the Gaussian sources were computed. In summary, the simple analog CoMAC has led to an active area focusing on the design and implementation techniques for receiving a desired function.
Since analog CoMAC is not robust to noise, digital CoMAC was proposed to use joint sourcechannel coding in [11] - [20] to improve equivalent signal-to-noise ratio (SNR). The potential of linear source coding was discussed in [11] , and its application was presented in [12] for CoMAC.
Compared with linear source coding, nested lattice coding can approach the performance of a standard random coding [13] . The lattice-based CoMAC was extended to a general framework in [15] for relay networks with linear channels and additive white Gaussian noise (AWGN). In order to combat non-uniform fading, a uniform-forcing transceiver design was given in [14] .
Achievable computation rates were given in [15] - [17] for digital CoMAC through theoretical analysis.
One serious issue in digital CoMAC is the vanishing rate as the number of nodes increases when the fading MAC is considered. In order to prevent the vanishing rate, a narrow-band CoMAC (NB-CoMAC) with opportunistic computation has been studied in [17] . A wide-band CoMAC (WB-CoMAC) has been extended in [20] against both frequency selective fading and the vanishing computation rate.
To the best of our knowledge, all the aforementioned CoMAC works only considered the use of orthogonal multiple access (OMA) for functions by transmitting the function in different resource blocks (RBs), i.e, time slots or sub-carriers. Non-orthogonal multiple access (NOMA) is wellknown for improving spectrum efficiency but has never been considered in CoMAC [21] - [23] .
For example, the authors in [23] compared NOMA and OMA in the uplink, which showed that NOMA achieves higher ergodic sum rates while the fairness of nodes has been considered.
NOMA based on user pairing was considered in [24] - [26] to ease successive interference cancellation (SIC) caused by the superposition transmission of too many nodes at the base station.
Different from NOMA for information transmission, NOMA-based CoMAC (NOMA-CoMAC) superposes multiple functions instead of different bit sequences from different nodes in each RB. Also, nodes with disparate channel conditions are allowed to be served simultaneously in conventional NOMA to improve the performance, whereas the node with poor channel condition only makes the computation rate vanishing in NOMA-CoMAC system since the function computed by nodes requires the uniform fading. It suggests that the direct use of NOMA in CoMAC system is not suitable.
Motivated by the above observations, in this work, we propose a NOMA-CoMAC system through the division, superposition, SIC and reconstruction of the desired functions. Analytical expression for the achievable computation rate with sub-function superposition is derived based on nested lattice coding [16] - [19] . Furthermore, several limiting cases are considered to characterize the lower bound of the computation rate and the diversity order. Our contributions can be summarized as follows:
• Novel NOMA-CoMAC. We propose a NOMA-CoMAC system with sub-function superposition. Unlike NOMA systems for information transmission, NOMA-CoMAC decomposes the desired functions into several sub-functions, superposes these sub-functions with large equivalent channel gains in each RB, executes the process of SIC and reconstructs the desired functions at the fusion center.
• Improved computation rate. The analytical expression of the computation rate of NOMACoMAC is derived. Using the closed-form expression, the power allocated to each node can be calculated directly with low computational complexity. Compared with the conventional CoMAC schemes, both achievable computation rate and non-vanishing rate with massive nodes are improved.
• Limiting cases. We characterize the lower bound of the computation rate with an exact expression as the number of nodes goes to infinity. It provides a straightforward way to evaluate the system performance. As the power of each node goes to infinity, we obtain the diversity order of the computation rate of NOMA-CoMAC. It shows that the node with the worst channel gain among these sub-functions in each RB plays a dominant role.
The rest of the paper is organized as follows. Section II introduces the definitions and the existing results of NB-CoMAC and WB-CoMAC. The system model of NOMA-CoMAC is further given. In Section III, we summarize the main results of this paper and compare them with the conventional CoMAC schemes. Section IV presents the proposed NOMA-CoMAC with sub-function superposition in detail and analyzes the computation rate. Section V focuses on the performance of the proposed NOMA-CoMAC, which includes the power control and outage.
Simulation results and the corresponding discussion are presented in Section VI, and conclusions are given in Section VII.
II. SYSTEM MODEL
We introduce two typical CoMAC frameworks in this section, and review the main results of several previous works. We define C + (x) = max 1 2 log(x), 0 and x = min {n ∈ Z|x ≤ n} as the ceiling function. Let [1 : n] denote a set {1, 2, · · · , n} and (·) T represent the transpose of a vector or matrix. For a set A, |A| denotes the cardinality of A. Let the entropy of a random A be H(A) and diag {a 1 , a 2 , · · · , a n } denote the diagonal matrix of which the diagonal elements are from a 1 to a n . A set {x 1 ,
for short.
A. Narrow-Band CoMAC
The framework of NB-CoMAC is shown as Fig. 1 , where each node draws data from a corresponding random source for T d times and obtains a length-T d data vector. After encoding the data vector, the fusion center computes a desired function as all nodes transmit theirs data vector simultaneously.
First of all, we define the data matrix to describe the data from K nodes during T d time slots.
Definition 1 (Data Matrix). A data matrix S ∈ C T d ×K represents the data from K nodes during
where j ∈ [1 :
is the j-th data of the i-th node from the random source
] is the j-th data of all K nodes and A function f (s r ) with respect to the random source vector s r is called the desired function.
Its definition is given as follows. times.
In order to be robust against noise, we use sequences of nested lattice codes [15] throughout this paper. Based on this coding, the definitions of encoding and decoding are given as follows. Considering the block code with length n, the definition of computation rate [4] , [16] , [17] , [19] can be given as follows. 
where T d is the number of function values (see Definition 2), n is the length of the block code and H(f (s r )) is the entropy of f (s r ). Apart from this, R is achievable only if there is a length-n block code so that the probability Pr
B. Wide-Band CoMAC
The framework of CoMAC was adopted to a wide-band MAC which aims to improve the computation rate over NB-CoMAC. The desired function as a whole cannot be allocated into several sub-carriers. Thus, it divided the desired function into sub-functions transmitted as bit sequences, and allocated sub-functions to each sub-carrier so as to provide a improved nonvanishing computation rate. The framework of WB-CoMAC is shown in Fig. 2 . Definition 5 (Sub-Function). Let
denote a set where each element x is the index from the M chosen nodes. Suppose that 
Remark 1 (Detachable functions). As studied in [16] , [18] , [19] , [27] , CoMAC can be designed to compute different types of desired function. We focus on two typical functions, the arithmetic sum function and the type function
is the arithmetic sum function where a i is the weighting factor for node i. 
C. Existing Results
The computation rates of NB-CoMAC and WB-CoMAC are given as follows.
Theorem 1 (Rate of NB-CoMAC). As shown in [17, Theorem 1], for any M, B ∈ N satisfying M B = K, the ergodic computation rate of NB-CoMAC is given by
where K is the number of nodes, M is the number of the chosen nodes to compute a subfunction, |h I M | 2 is the channel gain of the I M -th node, I M is the M -th element of the set of the ordered indexes of channel gains
is any random variable.
Theorem 1 considered a NB-CoMAC with flat fading, [20] expanded it to a WB-CoMAC with frequency selective fading to focus on high speed transmission.
Theorem 2 (Rate of WB-CoMAC). As mentioned in [20, Corollary 2 and Eq. (27)], for any M, N ∈ N satisfying K = BM , the ergodic computation rate of WB-CoMAC over frequency selective fading MAC is given by
where N is the number of sub-carriers, |h I g M ,g | 2 is the channel gain of the I g M -th node at the g-th sub-carrier and I g M is the M -th element of the set of ordered indexes of channel gains {I g i } i∈ [1:K] at the g-th sub-carrier such that |h
One sees that both CoMAC schemes in the above only consider the use of OMA to transmit a function in each RB. This results in low spectrum efficiency. Since NOMA can offer extra improvement in spectrum efficiency, we apply NOMA to CoMAC to improve the computation rate. Thus, we propose a NOMA-CoMAC system with sub-function superposition, where each sub-carrier can serve these sub-functions with large equivalent channel gains simultaneously. It can not only achieve a higher computation rate, but also can provide an improved non-vanishing rate with massive nodes.
D. Novel NOMA for Wide-Band MAC
The framework of WB-CoMAC discussed in Section II-B will be used to transmit multiple functions simultaneously in each sub-carrier using NOMA. We consider an OFDM-based system with N sub-carriers during T s OFDM symbols while the length of the block code is n. In each sub-carrier, L functions are chosen to be transmitted. Then, the m-th received OFDM symbol at the fusion center can be expressed as
where m ∈ [1 :
, K is the number of nodes, the power allocation matrix of
whose diagonal element is the power allocated to compute the l-th function at each sub-carrier,
is the transmitted diagonal matrix of node i to compute the l-th function, a diagonal matrix Assuming perfect synchronization and perfect removal of inter-carrier interference, based on Eq. (6), the received signal in the g-th sub-carrier at the m-th OFDM symbol can be given as
where v 
III. MAIN RESULTS
In the OFDM-based system, all the nodes is sorted by their channel gains in each sub-carrier, and the ordered nodes are divided into B = K M ∈ N parts to compute B sub-functions. Only the first L ≤ B sub-functions with large equivalent channel gains are chosen to be superposed in a sub-carrier. Then, the computation rate of NOMA-CoMAC is achievable with the limit of large n.
Theorem 3 (Rate of NOMA-CoMAC). For any M, L, N, K ∈ N satisfying L ≤ B and K = BM , the ergodic computation rate of NOMA-CoMAC over wide-band MAC is given as
where K is the number of nodes, M is the number of chosen nodes to compute a sub-function, L is the number of chosen sub-functions in each sub-carrier, N is the number of sub-carriers, Proof: Please refer to Section IV for proof.
Remark 2 (Property of NOMA-CoMAC). Theorem 3 presents a general rate which can be used with power control. It shows that the rate of NOMA-CoMAC is determined by the sub-function with the slowest rate among the L sub-functions in every sub-carrier, since the desired function can not be reconstructed unless all sub-functions are received at the fusion center. can be obtained as
where Γ =
Proof: Please refer to Section V and Appendix A for proof.
Corollary 1 provides an easy way to allocate the power into each sub-function when average power control is considered, since the power allocated to each node can be calculated directly using the closed-form expression with low computational complexity.
Similar to the previous works, the rate of NOMA-CoMAC in Corollary 1 can also prevent the rate from vanishing as the number of nodes K increases. Nevertheless, the previous works only verified the non-vanishing rate through simulation and did not obtain its exact value through mathematical analysis. We characterize the lower bound of the computation rate as the limiting rate. It can be used to calculate the accurate value of the non-vanishing computation rate with given parameters. 
where
, F |h| 2 (ξ x ) = x and F |h| 2 is the cumulative distribution function (CDF) of |h| 2 . For i.i.d. Rayleigh fading, F |h| 2 is the CDF of the exponential distribution with parameter one, i.e., F |h| 2 = 1 − exp(−x) and ξ x = − ln(1 − x).
Proof: Please refer to Appendix B for proof.
Note that previous works only proved that the computation rate was non-vanishing through simulation, Corollary 2 provides the lower bound of the computation rate of NOMA-CoMAC, which is easier to evaluate the performance. Using a similar proof of Corollary 2, we can obtain the limiting rates of WB-CoMAC and NB-CoMAC. 
It also generalizes the limiting rate of NB-CoMAC in Theorem 1 as N = 1. Unlike conventional works with respect to a series of random variables and M , these limiting rates are only determined by M ( or r).
In conclusion, we summarize these achievable computation rates and limiting rates in Table   I .
IV. PROPOSED NOMA-COMAC SCHEME
A. Proposed Scheme
As mentioned in Section II-C, NB-CoMAC only considered the flat fading channel. In order to improve the computation rate and deal with frequency selective fading, WB-CoMAC was proposed. These conventional CoMAC schemes transmit only one function (or sub-function) in CoMAC is a way to improve the computation rate through multiple sub-functions superposition.
As shown in Fig. 3 , we provide a simplified description on the proposed scheme in a hybrid OFDM-NOMA system.
• Sub-Function Process. In each sub-carrier, we sort all the nodes depending on the corresponding channel gains. Then, every M nodes in such an order computes a function which is regarded as a sub-function in Fig. 3(a) . Referring to Definition 5, τ denotes the set whose elements belong to these indexes of M nodes to compute a sub-function f {s i [j]} i∈τ .
Then, let the set
include all the possible sub-functions 1 , and the cardinality of S is |S| = K M .
• Superposition Process. As shown in Fig. 3(a) , let the worst channel gain in the sub-function stand for the equivalent channel gain of the sub-function. Then, we sort all the sub-functions in each sub-carrier according to these equivalent channel gains. Only the first L sub-functions are chosen to be simultaneously transmitted, which is seen as a superposition. Then, one possible superposition can be defined as
where u = v, u, v ∈ [1 : L] and sub-functions τ u , τ v ∈ S. All the possible superpositions are in a set
• SIC Process. As shown in Fig. 3(b) , all the OFDM symbols are received at the fusion center.
Each sub-carrier contains a superposition with L sub-functions. Through SIC given in [15] ,
we can obtain all the sub-functions.
• Reconstruction Process. As mentioned in Definition 5, all the sub-functions need to be reconstructed at the fusion center. The set
contains all the possible combinations whose element ϕ can reconstruct a whole desired function, and the cardinality of
. After all the sub-functions are collected in Fig. 3(b) , we can recover the desired functions by using the relationship between the sub-functions and the desired functions.
B. Computation Rate of NOMA-CoMAC
As shown in Fig. 3 , the desired function is divided into B ∈ N parts, each part can be regarded as a sub-function which is computed at fusion center individually. In each sub-carrier, L subfunctions are chosen to be transmitted. Based on those definitions in the previous sub-section, we use the following parts to derive the computation rate step by step.
Rate of Sub-Function τ . As mentioned in Fig. 3(a) , L sub-functions are chosen for the g-th sub-carrier at the m-th OFDM symbol to be transmitted. The l-th sub-function is computed by M nodes whose indexes are in the set {I g u [m]} u∈M l at the fusion center. We assume the bandwidth of the hybrid OFDM-NOMA system with N sub-carriers is the same as the mentioned conventional CoMAC system. The bandwidth that each sub-carrier owns is 1 N of the total bandwidth. Then, the computation rate of the l-th sub-function in a sub-carrier at the m-th OFDM symbol can be given as follows.
Lemma 1 (Computation Rate of a Sub-Function). With the limit of large n and L sub-functions in the g-th sub-carrier, the instantaneous computation rate of the l-th sub-function at the m-th OFDM symbol with AWGN whose variance is 1 N can be express as
where |h I Proof: As demonstrated in [15] , CoMAC can subtract part of the contribution from the channel observation to compute several functions at the fusion center based on successive cancellation. Let h denote the channel vector and a l denote the coefficient vector to compute the l-th function. From [15, Theorem 12] , the computation rate of the l-th function from the channel observation with a noise variance of σ 2 Z can be express as
where α l is the scalar parameter to move the channel coefficients closer to the l-th desired function. By giving the optimal α l following [15, Remark 11] , 1 N of the noise variance and the i-th element of the coefficient vector
the computation rate of the l-th sub-function in single sub-carrier can be given as
Then combining Eq. (19) with [16, Theorem 3] , the computation rate considering fading channel and power control at the t-th time slot is further expressed as
Since demonstrates the rate of the l-th function in the g-th sub-carrier is a part of the sum rate of the superposition of the L sub-functions in single sub-carrier. From Fig. 3(a) , it shows that we need to determine the sum rate of all the L sub-functions in a superposition since those sub-functions are transmitted as a whole.
Lemma 2 (Computation Rate of a Superposition). As the limit of large n, the instantaneous computation rate of the superposition of L sub-functions in the g-th sub-carrier at the m-th OFDM symbol with AWGN whose variance is 1 N can be express as
Proof: The rate of the superposition of L sub-functions is determined by the minimum Rate of Combination ϕ. In the hybrid OFDM-NOMA system with N sub-carriers, the number of OFDM symbols T s is at least n N
. It also implies that the number of all the sub-carriers during
T s OFDM symbols is n, and each sub-carrier serves one superposition δ ∈ H. We define a set 2 In order to simplify the derivation, the number of OFDM symbols in Eq. (6) is given as n N instead.
M ϕ including those sub-carriers that serve the combination ϕ and a set M δ ϕ containing the subcarriers that serve the specific superposition δ in the combination ϕ. Since the superpositions and the combinations in practice are random depending on channel realizations, it causes that |M ϕ | and |M δ ϕ | are stochastic. As the limit of large n, the set M 
Proof: According to Eqs. (6) and (7), the received signal in the g-th sub-carrier for the superposition δ based on the combination ϕ can be given as
where m = [1 : T δ ϕ ],τ l contains the indexes of the l-th sub-function in the superposition δ and h
is equivalent channel. Depending on the conclusions of Lemmas 1, 2 and Eq. (24), we can obtain the average rate for computing the superposition δ in the combination ϕ during T δ ϕ OFDM symbols
Then, the average rate for computing those sub-function in the combination ϕ is expressed as
where condition (a) follows because of the similar result to Lemma 2 and condition (b) follows as each average rate R δ ϕ approaches the same value with the limit of large n.
3 Although these superpositions are sent separately in different sub-carrier in different OFMD symbol, we can consider that they are transmitted centrally when obtaining the achievable rate.
With the help of Eq. (22) and the length of the transmitted vector |M ϕ |, the length of the data
as the same as the number of the desired function values reconstructed by combination ϕ (See Definitions 3 and 4). U ϕ is only the part of all the values of desired function T d , and the exact number of desired function values for all ϕ ∈ X during T s OFDM symbols is
Finally, with the help of Lemmas 1, 2 and 3, the computation rate of NOMA-CoMAC based on Definition 4 can be given as
In conclusion, the rate in Theorem 3 is achievable as n increases.
V. PERFORMANCE OF PROPOSED NOMA-COMAC SCHEME
In this section, we derive the achievable computation rate of the proposed NOMA-CoMAC with average power control based on the general rate in Theorem 3. We further analyze the outage performance and obtain the diversity order.
A. Power Control
We consider an average power control method where the average power of each node in each sub-carrier is no more than
represent the transmitted power in the g-th sub-carrier at the m-th OFDM symbol for the node i, and it can be express as
can be regarded as the power factor to compute the l-th sub-function in the g-th sub-carrier and the detailed derivation is given in Appendix A. By putting Eq. (29) into Eq. (16), the rate of the l-th sub-function
in Lemma 1 can be rewritten as
.
B. Problem Formulation
We work on maximizing the instantaneous rate of each OFDM symbol to improve the ergodic rate, since the rate in Theorem 3 can be regarded as the mean of the instantaneous rate. Then we formulate the following optimization.
Because the superposition transmission of too many sub-functions brings the difficulty of SIC at the fusion center and makes the mathematical analysis hard, we choose two sub-functions as a pair to be transmitted in single sub-carrier. By setting L = 2 in Problem 1, the relationship
can be obtained as
[m]| 2 and the detailed derivation is given in Appendix A. Therefore, based on Theorem 3 and the increasing n, the ergodic computation rate of NOMACoMAC with a sub-function pair
is achievable, where the conditions Eq. (31) . It implies that the allocated power can be calculated directly with low computational complexity. Hence, the method of power control is suitable to be deployed in a system that requires low latency.
C. Outage Probability and Diversity Order
It is worth obtaining the outage probability and the diversity order for NOMA-CoMAC system,
which can help us to analyze the performance theoretically. An exact expression for the outage probability and the diversity order are provided in the following corollary.
Corollary 3 (Diversity Order of NOMA-CoMAC). The outage probability for NOMA-CoMAC with a sub-function pair transmission in the OFDM-based system can be given as
The diversity order achieved by NOMA-CoMAC with a sub-function pair transmission is given by
Proof: See Appendix C.
Corollary 3 illustrates that the diversity order in our proposed NOMA-CoMAC with a subfunction pair transmission consists of two parts. The first part o 1 is achievable benefiting from the OFDM design, and the superposition of the first L = 2 sub-functions brings the gain as the second part o 2 . Furthermore, the part o 2 shows that the node with the worst channel gain in these two sub-functions plays a dominant role. Non-vanishing computation rate 
A. Computation Rate
We compare the conventional CoMAC schemes, i.e., NB-CoMAC and WB-CoMAC, with NOMA-CoMAC in Fig. 4 . We see that NOMA-CoMAC can improve the computation rate over the conventional CoMAC schemes as the number of nodes K is small. When K increases, all the rates shown in Fig. 4 are decreasing but keep a non-vanishing rate. Compared with the conventional CoMAC schemes, the proposed NOMA-CoMAC can provide an improved non-vanishing rate. It also verifies the limiting rates in Corollary 2, and implies that the exact non-vanishing rates as the lower bounds can be obtained without any simulation using Corollary 2.
The relationship between the computation rate of NOMA-CoMAC and SNR is shown in From Corollary 2, the asymptotic rate with increasing SNR can be given as 2rC + (P is a trade-off between the rate gain and the worse channel gain. It also implies that there is an optimal M that achieves the maximum rate. In addition, with the increase of the number of sub-carriers N , the rate can be improved because the equivalent noise power of lattice code decreases.
B. Outage Performance
As mentioned in Corollary 1, NOMA-CoMAC only chooses a sub-function pair to be computed in a single sub-carrier. functions. Unlike those NOMA designs for information transmission, the proposed NOMACoMAC aims at computing functions over the MAC through superposing sub-functions. The expression of achievable computation rate has been derived based on nested lattice coding.
It not only improves the spectrum efficiency, but also enhances the non-vanishing rate via sub-function superposition. Furthermore, we have considered some limiting cases to find more insights. As the number of nodes goes to infinity, we have obtained the exact expression of the limiting computation rate which characterizes the lower bound of the computation rate of NOMA-CoMAC. It can be used to evaluate the performance of the CoMAC system without time-consuming simulation. We have discussed the outage performance and analyzed the diversity order as the power goes to infinity. It shows the node with the worst channel gain among these sub-functions in each RB plays a dominant role. 
where condition (a) follows because the channel gains in different sub-carriers are i.i.d. random variables and h is used as a representative random variable without loss of generality. Then we can calculate the constant c and obtain Eq. (29) .
Assuming that the channel gain in each sub-carrier is i.i.d., and we further convert the max − min problem shown as Problem 1 into a max problem. A new form of the optimization is given in the following. . The limiting rate of NB-CoMAC in Theorem 1 is given as
where N r asymptotically follows the Gaussian distribution with mean ξ 1−r and variance .
Since the analysis of outage probability can be seen as a single-input and multiple-output system approximately referring to [29] in the OFDM-based system, we only aim at the outage probability of the rate in each sub-carrier P sub out , and the outage probability P out can be evaluated as
where R T is the target rate.
In the following derivation, we will ignore [m] which stands for the m-th OFDM symbol, since it has no influence on the result and makes derivation obscure. Hence,P 
